This paper focuses on designing and implementing a grid-tie inverter, which can convert DC voltage from the PV systems into an AC voltage using pulse width modulation technique. The proposed inverter is synchronized with the local grid to provide an alternate solution for the energy generation. To obtain the maximum power from the inverter maximum power point tracking technology is used. Using MPPT, approximately 95% power efficiency was achieved. Boost converter is designed to boost the voltage from solar panels to 240V. Phase locked loop circuit is utilized to synchronize the output frequency of the inverter with that of the local utility grid. Phase locked loop circuit uses phase detector to detect the phase difference between the reference (utility grid) frequency and the quiescent (required) frequency set in Voltage Controlled Oscillator. This quiescent frequency is converted to match with the reference frequency. This converted or synchronized frequency is then used as a reference for pulse width modulation controller to generate Pulse Width Modulation waveform. Using PLL, phase or frequency matching between utility grid's electricity and inverter's electricity was achieved in just 0.6 seconds. In the end, filtering system is designed using LMS filter and KALMAN filter to remove the noise from inverter output. A total of -22.63 dB total harmonic distortion was achieved using Kalman filter and were proved to be better than LMS filter. The simulation results provided in this report show the efficacy of the proposed grid-tie inverter.
Introduction
Recently, energy demand has been increased dramatically with the advancement in technologies. To meet the demand, the world has been producing energies including electricity from non-conventional energy resources such as oil, nuclear, natural gas and coal for the last century. These resources were most efficient, widely spread all around the world and were available in abundant. All of these reasons accounted for the choice of fossil fuels for the production of energy. However, during the last 30 years, we realized that these resources are limited and they are depleting day by day with which rate we are consuming them. These resources will be insufficient to meet the non-stop growing demand of energy of upcoming generation. Moreover, production of energy from these carbonbased fossil fuels has caused significant pollution in our environment. During burning of fossil fuels, large amount of carbon dioxide and other gases are released
which goes up in the atmosphere and cause global warming or greenhouse effect.
As a result, the researchers have been researching for different renewable and clean energy resources. Thus far, several alternative energy resources to produce energies from those resources have been discovered which includes solar, wind, hydro and geo-thermal. The benefit of these resources is that they are sustainable in nature and have zero carbon-based by-products which help us to overcome the increasing pollution problem. Since 2015, at least 67 of all the countries in world has set their target to transit from conventional energy resources to renewable energy resources. EU and USA have set their target to at least 20% electricity production from renewable energies [1]. More than 100 cities are now powered with at least 70% renewable energies which is almost double in number of cities since 2015 [2] . Australia has invested $8.5 billion in renewable energy and have the highest rooftop residential solar market all over the world in the year of 2018 [3] . Inverters are inevitable in solar systems if the photovoltaic (PV) systems need to connect to AC grid. However, they should be designed carefully to meet the requirements of connecting to the AC grid.
The design and implementation of this research work enables us to improve the synchronization of output of the inverter with local utility grid at constant frequency and enhance the performance of single-phase grid system. Three important modules i.e. MPPT, inverter and PLL were highlighted for improvement in the conventional grid system and their importance and performance analysis has been highlighted in this report. The main idea and objectives of this project has been achieved by the effective analysis and simulation techniques. Single phase inverter taking a DC source from the solar panel has been developed with frequency synchronize with local utility grid. This research work deals with the modelling and analysis of PV inverter with MPPT techniques to take out maximum power from the solar panels. Every electrical grid has some unique characteristics and properties, and are different from one another, therefore inverter should be designed properly to meet the requirements of the electrical grid and able to match the voltage and frequency with the electrical grid. If there is a lacking in the designing of the inverter, high levels of the voltage can overload and affect the grid if enough systems are connected with the inverter.
Contribution of Work
Phase lock loop (PLL) circuits, which are deployed by phasor measurement units (PMUs), are used for synchronization of sine waves for improved controlling, monitoring and protection of power systems. The authors in [5] discussed the superiority of PLL over conventional SCADA systems for better monitoring and controlling and to achieve the synchronization in a short period of time.
Filtering of the noise is achieved by using Adaptive Filters namely Kalman and LMS to give better estimation for real time signal and have less total harmonic distortion (THD). The authors in [6] discussed different types of adaptive filters for better noise cancellation and how they are good for real time responses as compared to conventional analog filters.
P&O algorithm is used for designing MPPT to track maximum power from the inverter.
METHODOLOGY
There are many different approaches to track maximum power from the solar panel. The approach used in this paper to track maximum power from solar panels is MPPT by P&O algorithm. PLL (phase lock loop) circuits are the feedback systems and are used in this project to monitor the utility grid's AC frequency and match the frequency of the output with utility grid's frequency by generating a signal with matching frequency.
Utility grid signal is used to generate a reference signal which is being monitored and used as a reference to convert inverter's output frequency. Since the utility grid frequency has disruptions and fluctuates between 60HZ and 65HZ, utility grid's signal is passed to PLL that generates reference frequency given as an input to the inverter. In turn, inverter generates output of the same frequency as that of utility grid's frequency Voltage Controlled Oscillator (VCO) block is developed using MATLAB Simulink. VCO has been set with amplitude of 1 and quiescent frequency of 60HZ, i.e., it will give 60 Hz output if there is no output from the DC ramp. Also, input sensitivity of VCO is set to 1, i.e., number of HZ per volt. If we have 1 volt of DC coming from the ramp, we will obtain 1 Hz of difference from the quiescent frequency means for 1 volt of input to VCO then it will produce 61 Hz as output frequency. Two outputs are being generated from the VCO. One is actual AC fed into the third channel of the scope and the middle channel of the scope is attached to the frequency meter, which takes the output from the VCO and gives the value of the frequency over time [4] . From the scope it can be observed that from the zero output of the VCO we get the 60HZ waveform and as the DC coming out of the ramp into the VCO is increased, the frequency output is also increased. Slope of ramp is set at 1/10 which means for every 10 seconds, it will give the value of 1. Therefore, at 20secs it will give the value of 2. Start time of ramp is set to 2. We get the output of 0.8 coming out from the ramp at 8 seconds and
Filter Design
This project was simulated on the MATLAB software and as per the results of the simulation, the final output contains no harmonics or distortions after the conversion from DC to AC with the help of inverter and the PLL circuit which is used for the synchronization of the output frequency with the frequency of the local utility grid. But, in the real world, the outside noise and the distortion from the external environment are added to the signal and we get unwanted signals added to our main signal which increases the signal to noise ratio and disturbs the frequency and reduces the efficiency of the system. Therefore, it is important to filter out these unwanted signals and remove harmonics so that we can obtain a distortion free signal with no harmonics and the output frequency matches with the frequency of the grid. There are different kinds of digital filters but for this project, two different kinds of digital filters named as KALMAN filter and LMS filter are used to compare the results and discuss which filter provides more THD compare to the other one.
RESULTS AND DISCUSSION
Based on methodology and schematic diagram discussed in the previous section, following results and waveforms are obtained which are discussed in details in this section. Figure 1 Waveform for AC signal from local utility Figure 1 shows the reference signal coming from the local utility grid. It is a pure sinewave with a frequency of 65 Hz and amplitude ranges from 1 to -1. The frequency from the local grid varies with time, therefore, this signal is fed into the Phase lock loop (PLL) circuit where it compares with the required or quiescent frequency i.e. 60Hz and its phase gets lock with this frequency so that the constant 65HZ frequency sinewave is generated at the output of the PLL.
Reference signal or AC Sinewave

Output of Phase Lock Loop (PLL)
For the proper synchronization of the reference signal with the quiescent or required frequency, the circuit of phase lock loop is designed whose purpose is to lock the phase of two different frequencies' signals to a constant frequency. Later this constant frequency becomes the reference signal for the inverter to convert DC voltage from the solar panel into AC signal. The Figure 2 below shows the synchronization of the two signals.
Figure 2 Output waveforms of PLL before 0.6 secs
The output from the PLL is divided into three channels. First channel shows the mux output of reference signal (yellow lines) and the output of the VCO (blue lines). It can be observed that during the initial time of the simulation both these signals are completely out of phase and gradually along with the time, they are synchronizing at a constant frequency. Second channel shows the output of the VCO w.r.t time. Frequency meter is inserted at the output of the VCO which shows the frequency of the output waveform with respect to time. During the start of the simulation, the output of the VCO is at 60 Hz and with time, it gradually increases to 65 Hz which is the frequency of the reference signals. Figure 3 Output waveforms of PLL after 0.6 secs From the above Figure 3 , it can be observed that once the output of the VCO reaches to 65 Hz equal to the frequency of the reference signal, its phase gets locked and a constant frequency output waveform is generated. At this point the error signal after the phase detector will show zero since the reference signal and the output of the PLL are completely in phase with a constant frequency of 65 Hz. The third channel shows 65 Hz waveform from the output of the VCO. The performance of the PLL can be analysed from the figure that it took only 0.6secs for the synchronization.
Inverter Output
The output waveform from the PLL is fed into an inverter which acts as a reference signal for converting DC voltage into AC signal. The PWM controller generates the carrier signal of 1980HZ and a modulation takes place between the reference signal and a carrier signal. As a result, pulsating DC waveform is generated which can be observed from the first channel of the Figure 4 .
Figure 4 Output waveform of inverter
This pulsating DC has a voltage proportional to the voltage of the reference signal. Pulsating DC is used to control the IGBT diodes/switches and produce a pulsating waveform proportional to the voltage produced by the boost converter. Later, this waveform was converted into an AC signal through LC filter by taking the average value of the pulsating signal.
Filters
In real world there are different noises and disturbances that are added to the signal and can decrease the strength and efficiency of the signal. As a part of this project, two digital filters are considered to remove the random noises that are added to the signal and a comparison is made between these two digital filters that which filter provide lesser THD.
Figure 5 THD for LMS and KALMAN filter
By applying same amount of noise to the input of both filters, THD for the KALMAN filter is -22.63dB less than the THD of LMS filter which is -5.57dB. This shows that KALMAN filter is better and provides more signal to noise ratio as compared to LMS filter as shown in the Figure 5 .
Figure 6 Output of Kalman Filter
The above figure 6 shows the output waveform of the Kalman filter. The second channel shows the noise added signal with the discrete output from the inverter having the amplitude between +10 to -10. As it can be seen from the figure that these kinds of distorted signals are very dangerous and can damage the systems and can decrease the efficiency of the system therefore it is important to filter out these distortions. The first channel shows the output from the Kalman filter and it can be observed that almost all distortions have been removed with a much lower THD.
Figure 7 Output of LMS Filter
The Figure 7 shows the output of the LMS filter. The first channel shows the filter output of the LMS filter. By comparing the filter outputs waveforms of both the Kalman and LMS filter, it can be observed that output waveform of the Kalman filter is more distortion free and similar to the input signal as compared to the LMS filter.
Comparison with previous studies
Authors in [7] experimented with a locally developed single phase grid tie inverter using micro-controller and conventional filters. To monitor the change or distortion in utility grid's frequency, highly advanced and complex programming is needed for a microcontroller including more complex circuitry to be designed. Also, the LC filter used in their project is a traditional filter which provides less efficiency as compared to the adaptive filters. Total efficiency achieved by authors in [7] is around 80% whereas we have achieved efficiency of 95%. This could be due to difference between simulation based and hardware-based efficiencies. Authors in [8] proposed LCL filter based grid tied inverter which is again a passive filter and provides less efficiency as compared to active filters such as Kalman filter. Moreover, LCL filter could be one of the major reasons for instability in the system due to nearly zero impedance at some frequencies and complex damping techniques are needed to tackle this problem.
Limitations
The grid tied inverter implemented in this project provides maximum efficiency achievable with lowest time required for phase and frequency matching. Also, adaptive filtering method is used to achieve lowest total harmonic distortion. However, all these attributes can only be achieved at the cost of higher price as compared to the traditional grid tied inverters.
CONCLUSION
Grid-tie inverters discussed in this thesis report has a safety feature when there is blackout and or power failure. This feature help to prevent any additional voltage or power from your renewable source to contribute to the grid, as it can create the source of injury for the employers who are working on the grid at the time of power failure. Without these kinds of grid-tie inverter, the system for renewable energy source would require a battery storage to store the energy or charge during the daytime when the intensity of sun is high so that at night inverter can use that charge or DC source to convert into AC sinewave. As discussed in this report, a better method for improving the efficiency and performance of the PV gridtie inverters is achieved by implementing Maximum Power Point Tracking (MPPT). MPPT is designed using perturb and observation (P&O) algorithm. A total of 95% power efficiency is achieved by implementing MPPT with the PV systems. The synchronization of the inverter output with the local utility grid is achieved by using Phase Locked Loop (PLL). The PLL uses the grid voltage as reference with the same frequency and controls the harmonic current injected into the grid. In 0.6 seconds, we have achieved the phase or frequency matching of utility grid's electricity and inverter's electricity. Finally, filter is used to eliminate noise from inverter's output and increase the system efficacy. Two different filters named as Kalman filter and LMS filter were used to compare results. A total of -22.63 dB total harmonic distortion was achieved using Kalman filter whereas, for LMS filter, we obtained -5.57 dB. These results showed that Kalman filter was better than LMS filter.
